ABSTRACT A polarization reconfigurable square ring-slot antenna design is proposed. Besides possessing the advantages such as ease in manufacturing and small-size (50 mm × 50 mm × 0.8 mm), due to having a simple biasing circuit, the proposed ring-slot antenna is able to control the PIN diodes with ease, allowing it to switch between linear polarization and left-/right-hand circular polarizations (CP). From the measurement results, the left-and right-hand CP bandwidths (approximately 8.77%, 2290-2520 MHz) of this proposed ring-slot antenna can satisfy the TD-LTE2300 and WLAN2.4GHz operating bands.
I. INTRODUCTION
Due to the rapid development in future communication system, there is a need to install antennas that can possess different reconfigurable characteristics, such as the ability to provide different operating frequencies [1] , [2] and beam patterns [3] , [4] , so that the communication system can be downsized without having to install many antennas and able to increase the beam scanning region with good reception (between transmitter and receiver), respectively. Besides achieving frequency agility and reconfigurable beam pattern characteristics, other antenna reconfigurable features such as the polarization reconfigurable antenna are also the topics of interest in recent years, because a change in the polarization senses between linear polarization (LP) and circular polarization (CP) can aid in mitigating the multipath effects, especially in rich scattering environment.
Recently, many polarization reconfigurable antennas have been reported in the open-literature [5] - [14] ; and amid these designs, two common techniques are implemented, in which the first technique is to switch the electronic switches interconnected in the feeding network [5] , [6] . However, the main disadvantage of this technique is that it requires multiple feeding structure (such as corporate feed or power divider) to switch between CP and LP waves, thus leading to larger antenna sizes of up to 180 mm × 180 mm ×2 mm [5] and 100 mm × 100 mm × 5 mm [6] . As for the second technique that has been implemented in many works [7] - [13] , it is to alter the radiating structure (or perturbed element) by also switching the electronic switches loaded within it. For example, in order to control the polarization senses, the method applied in [7] and [8] is to switch between truncated corners, while [9] and [10] is to tune the slot structure (cross or U-shaped slot). However, [7] - [10] have shown narrow CP bandwidths of no more than 5% (between 1.6% and 4.9%). Thus, in order to enhance the CP bandwidth while achieving good polarization switching between LP and CP, circular ring slot [11] and E-shaped patch [12] designs have been introduced, and the latter can improve the CP bandwidth to approximately 8.8% (2.38-2.6 GHz) but has exhibited larger antenna planar size of 140 mm × 80 mm. Even though other unique method such as to connect or disconnect the radiating patch to the antenna ground plane by using two conductive posts with two switches has also been reported in [13] , however, this method can only switch between lefthand CP (LHCP) and right-hand CP (RHCP) senses, without the LP sense. Nevertheless, the overall volume or planar size of these reported works [7] - [13] are between 40 mm × 40 mm × 3.1 mm and 70 mm × 70 mm × 10.8 mm.
Therefore, in this paper, a low profile and compact volume size (50 mm × 50 mm × 0.8 mm) square-ring slot antenna with switchable polarization senses characteristics is proposed. The proposed slot antenna can switch between LHCP and RHCP and still has broad CP bandwidths of approximately 8.6%, and if switched to LP can exhibit 10-dB return loss bandwidth of approximately 11%. Details of the proposed slot antenna are described, and both experimental and simulation results are presented. 
II. PROPOSED SLOT ANTENNA DESIGN
A. ANTENNA STRUCTURE Fig. 1 shows the detailed structure and overall geometry of the proposed slot antenna. As shown in this figure, the squarering structure is printed on a 50 mm × 50 mm FR4 dielectric substrate (relative permittivity 4.4 and loss tangent 0.02) that has a low profile of 0.8 mm, and the center square slot has a dimension of 22 mm × 22 mm (L× L). The feeding mechanism in this case is a co-planar waveguide (CPW) type that has a stepped structure so that good impedance matching can be achieved. Here, this CPW-fed stepped structure is composed of three sections, in which the lower section that is connected to the 50 SMA connector is 2 mm × 3.8 mm, while the middle (impedance transformer) and upper sections are 11 mm × 3 mm (W ) and 19 mm × 3.8 mm, respectively, leading to a total length of 32 mm for the feeding structure.
Alongside (parallel) with the feeding structure are two pairs of narrow stubs (lower and upper stub pairs) that have the same width of 0.8 mm, and they are protruded from lower and upper section of the inner square-ring ground. Here, the lower and upper stub pairs have dissimilar lengths of 9.5 mm and 8.0 mm, respectively. To achieve reconfigurable polarization senses between LP, LHCP and RHCP, each protruded stub pairs are loaded with a switching PIN diode (D 1 to D 4 , model: SMP 1322 series, Skyworks Solution Inc.) that has a low forward bias (''ON'' state) resistance of 0.7 and very low capacitance value of 0.02 pF in reverse bias (''OFF'' state). Notably, during the simulation process via HFSS (High Frequency Structure Simulator), a strip element (lump element) of size approximately 1 mm × 1 mm was used to represent the PIN diode, and its equivalent circuit in the ''ON'' and ''OFF'' states is as shown in Fig. 2 [14] . The reason for using PIN diode in this work is because PIN diode has better RF switching capability than PN diode [15] . Notably, removing this strip element during the simulation to indicate the ''OFF'' state has also been investigated, and the results are very much the same as applying the lump element as in Fig. 2 . Thus, in the following simulation, the latter technique was used.
To maintain good DC isolation, as shown in Fig. 1 , four RF chokes (inductors with 1µH) are used in the DC biasing circuit, and they are linked to a two separate 2-position dual inline package (DIP) switch and a lithium battery (CR2032) that has low power characteristic (3 volts DC and a continuous standard load current of 0.2 mA). Fig. 3 shows the photograph of the fabricated prototype, together with the two DIP switches and battery. antenna type) with CPW feeding mechanism that can excite a TM 11 mode (with LP) at approximately 2.4 GHz is initially studied. In this case, the lower stub pairs (acting also as sleeves) is to allow the reference Antenna 1 to excite at 2.4 GHz, if it is removed, reference Antenna 1 will excite at a much higher frequency (not discussed further for brevity). . To achieve good RHCP radiation from Antenna 1, a good technique was realized by inserting two dissimilar perturbation ground narrow stubs that are protruded from the top left and bottom right section of the inner square-ring ground, as shown in Fig. 4 , so that two orthogonal degenerated fields can be excited. By further observing the simulated results in Figs. 6(a) and (b), the simulated 10-dB return loss bandwidth of Antenna 2 was very broad at 46.5% (2242-3600 MHz), and the simulated 3-dB axial ratio (AR) bandwidth, or also known as CP bandwidth, was 8.80% (2290-2501 MHz). It is worth noting that 10-dB return loss bandwidth of the CP case (46.5%) is very much wider than the LP case (10.79%), which is due to additional resonant mode excited at 3250 MHz, as shown in Fig. 6 (a).
To excite good LHCP radiation from Antenna 1, two dissimilar perturbation ground narrow stubs are protruded from the top right and bottom left section of the inner squarering ground, as shown in Fig. 4 . By further observing the simulated results in Figs. 7(a) and (b), the simulated 10-dB return loss bandwidth of Antenna 3 was similar to its RHCP counterpart at 46.7% (2290-3610 MHz), and its corresponding simulated CP bandwidth was 8.88% (2290-2503 MHz). By further combining the results from reference Antennas 1, 2, and 3, the proposed antenna can therefore be formed by leaving a small gap at the lower and bottom stub pairs for the insertion of the PIN diodes (D1, D2) and (D3, D4), respectively, as shown in Fig. 4 . Table 1 summarized the simulated results of all the three reference antennas (Ants 1 to 3), and their respective PIN diode switching position at either ''ON'' or ''OFF'' that is related to the proposed square-ring antenna are also indicated.
C. CURRENT DISTRIBUTION DIAGRAMS OF PROPOSED SQUARE-RING SLOT ANTENNA
To affirm the various polarizations excited by the proposed square-ring slot antenna, its corresponding simulated current distribution diagrams when switched to LP, RHCP and LHCP, working at 2.4 GHz are shown in Figs. 8-10 , respectively. As shown in Fig. 8 , it is clear that the proposed antenna is exciting vertical LP. As for both Figs. 9 and 10, its respective current distributions at 0 • , 90 • , 180 • and 270 • are clearly indicated.
III. PARAMETRIC STUDIES OF PROPOSED SQUARE-RING SLOT ANTENNA
It is vital to investigate the various parameters that will affect the performances (impedance matching and AR) of the proposed square-ring slot antenna. During the process of using the simulation software (HFSS) to investigate the proposed antenna, three vital parameters (L, S and W ) were determined. By applying this software, the initial performances of the proposed antenna can be obtained without performing any hands on experiment. For brevity, only the RHCP and LP results (without the LHCP) are shown when tuning these parameters, which are shown in the following sub-sections.
A. THE EFFECTS OF TUNING PARAMETER L (SQUARE SLOT LENGTH)
The effects of tuning the center square slot length L are shown in Fig. 11 . As shown in Fig. 11(a) for the RHC case only, a step increment in L by 1 mm (from 21 to 23 mm) will results in shifting the lower resonant frequency (f L ) linearly from 2.49 to 2.39 GHz. This is because of the increase in current distribution path within the square-ring when L increases. In contrast, the upper resonant frequency (f U ) has shifted from 3.21 to 3.33 GHz. As shown in Fig. 11(b) , because of the shifting in the f L to the lower frequency band, a linearly decreased AR frequency (from 2.47 to 2.41 GHz) was also observed with corresponding to the step increase in parameter L. As for the LP case, as shown in Fig. 11(c) , increasing L will also results in shifting the resonant frequency linearly to the lower frequency band from 2.54 to 2.29 GHz. For the case when L = 22 mm, good AR value of 0.26 was achieved at 2.425 GHz with good CP bandwidth of 8.8% (2290-2501 MHz). Thus, L = 22 mm was selected as the optimum parameter.
B. THE EFFECTS OF TUNING PARAMETER S (SEPARATION GAP BETWEEN the TWO PROTRUDED NARROW STUBS)
A shown in Fig. 1 , the upper stub pairs is composed of two narrow protruded stubs separated by a gap distance S. To investigate this parameter, Fig. 12 shows the effects of tuning S from 8 mm to 10 mm, with a step increment of 1 mm. By observing the RHCP case as in Fig. 12(a) , the two resonance frequencies have shifted slightly to the upper frequency band linearly. By observing Fig. 12(b) , it is realized that tuning S between 8 and 9 mm has little effects on the AR performance, however, when S = 10 mm, the AR frequency will shift to 2.46 GHz with deteriorated AR level of 2.38. As for the LP case, Fig. 12(c) shows that tuning S will results in slight variation of the resonant frequency, and because S = 9 mm can attained better return loss bandwidth in the LP case, and good CP bandwidth in the CP case, thus it is selected as the optimum parameter. 
C. THE EFFECTS OF TUNING PARAMETER W (WIDTH OF IMPEDANCE TRANSFORMER)
A shown in Fig. 1 , the middle section of the CPW feed line is also known as the impedance transformer and tuning its width W will allow good impedance matching. To investigate this parameter, Fig. 13 shows the effects of tuning W from 2.8 mm to 3.2 mm, with a small step increment of 0.2 mm. By observing the RHCP case as in Fig. 13(a) , the f L will shift to the higher frequency band (from 2.4 GHz to 2.47 GHz), whereas the f U will shift to the lower frequency band (from 3.29 GHz to 3.24 GHz). Except for the case when W = 2.8 mm that shows dual-band operation, the remaining two cases have shown similar 10-dB return loss bandwidth of 46.5% (2.24-3.6 GHz). Interestingly, as shown in Fig. 13(b) , slight tuning of W can also aid in small variation in the AR frequency between 2.4 GHz and 2.45 GHz. By further observing Fig. 13(c) , except for the case when W = 2.8 mm has shown narrower 10-dB return loss bandwidth, the bandwidth for the two remaining cases are almost the same. Because W = 3 mm has shown much better AR level of 0.26 and has also exhibited good 10-dB return loss bandwidths in the RHCP and LP cases, thus it is selected as the optimum parameter. 
IV. RESULTS AND DISCUSSION
The fabricated prototype of the proposed square-ring slot antenna was measured, and its results are compared with the simulated ones. Fig. 14(a) shows the measured return losses of the fabricated antenna prototype for both CP senses (LHCP and RHCP). In this figure, it is observed that the measured results are well agreed with the simulated ones, and the slight VOLUME 6, 2018 discrepancies maybe due to slight fabrication inaccuracy and tolerance. The measured 10-dB return loss bandwidth when switched to the LHCP sense was 45.7% (2.28-3.63 GHz), and its corresponding CP bandwidth was 9.6% (2.28-2.51 GHz). As for its RHCP counterpart, the measured 10-dB return loss bandwidth was 48.7% (2.22-3.65 GHz), and its corresponding CP bandwidth was 8.33% (2.30-2.50 GHz). Notably, the differences between the two CP senses maybe due to the RF chokes (or cable/DIP switch effects) that are not considered in the simulation. Fig. 15 shows the measured and simulated return losses of the proposed antenna prototype when switched to LP sense. Here, the measured resonant frequency is slight deviated to the lower frequency band, and it has exhibited 10-dB return loss bandwidth of 10.4% (2.27 ∼ 2.52 GHz). From the above measured results, it can be calculated that the stacked 10-dB return loss bandwidth and CP bandwidth of the proposed antenna prototype when working in the two CP senses are 45.7% (2.28-3.63 GHz) and 8.33% (2.30-2.50 GHz), respectively, which is enough to cover the TD-LTE2300 (2300-2400 MHz) and WLAN2.4GHz (2400-2480 MHz) operating bands. If the proposed antenna prototype is to be switch to LP sense only, it can also well cover the above two operating bands. Fig. 16 shows the measured and simulated radiation patterns of the proposed antenna prototype at 2400 MHz, when switched to the two CP senses. All measurements were performed in a Satimo Star-Lab Chamber that used multi-probe technology to measure the pattern and gain of the proposed antenna. Here, the measured patterns are well validated to the simulated ones, and good broadside patterns for both x-z and y-z planes in the boresight direction (+z direction) were measured. Furthermore, good F/B (front-to-back) ratios of approximately 25 dB were also observed. Fig. 17 shows the measured and simulated radiation patterns of the proposed antenna prototype at 2400 MHz, when switched LP sense. In this figure, the measured theta-polarized and results are well agreed with the simulated ones. As for its phi-polarized measurement, they are larger than the simulated ones, which could be due to its low cross-polarization signal strength and the unexpected error/tolerance coming from the measurement system As expected, because the proposed antenna is a slot type, the LP radiations have shown good bi-directional patterns in the x-z plane, and near omni-direction patterns in the y-z plane. The measured and simulated radiation efficiencies and peak gain variation of proposed antenna prototype when switched to LHCP sense are depicted in Fig. 18 . Here, the measured radiation efficiencies across 2.2 ∼ 2.7 GHz were between 67% and 87%, and its corresponding peak gain variations were between 1.0 dBic and 2.86 dBic. As for its RHCP sense counterpart, as shown in Fig. 19 , the measured radiation efficiencies across 2.2-2.7 GHz were ranging from 73% to 91%, and its corresponding peak gain variations were between 1.28 dBic and 2.82 dBic. Finally, the measured and simulated radiation efficiencies and peak gain variation when switched to LP sense are plotted in Fig. 20 . In this figure, the measured radiation efficiencies across 2.2 ∼ 2.7 GHz were ranging from 66% to 82%, and its corresponding peak gain variations were between 0.1 dBi and 2.24 dBi. By comparing the simulation results and the measured ones, it can be seen that Figs. 18-20 have demonstrated higher simulated peak gain and radiation efficiencies. In these cases, lower measured results (especially the gain) are mainly due to slight fabrication inaccuracy and tolerance. Furthermore, as indicated in [16] , each PIN diode has ohmic loss of approximately 0.4 dB at ''ON'' state, and with two PIN diodes switched ''ON'' for each polarization sense, it may explain the low peak gain measurement as compared to the simulated ones. The measured performances of the proposed antenna prototype when switched between different polarization senses are now summarized in Table 2 . Table 3 shows the comparison between the proposed square-ring slot antenna and some other polarization reconfigurable antennas reported in the open-literature [7] - [13] . From this Table, it is obvious that the proposed one can support the TD-LTE2300 (2300 ∼ 2400 MHz) and WLAN2.4GHz (2400 ∼ 2480 MHz) operating bands when working in all three polarization senses (LP/LHCP/RHCP). Furthermore, it has a very compact volume size of only 50 mm × 50 mm × 0.8 mm. Here, [8] , [9] , and [11] do not have enough CP bandwidths to cover both the TD-LTE2300 and WLAN2.4GHz. Even though [12] has better bandwidth performances as compared to the proposed one, however, it has a very large planar size of 140 mm × 80 mm. Lastly, [13] cannot excite LP sense.
V. CONCLUSION
In this paper, a compact size square-ring slot antenna with CPW-fed mechanism that can switch between three different polarization senses (LP/LHCP/RHCP) is successfully investigated. At different polarization sense, the proposed antenna is still able to cover the TD-LTE2300 (2300 ∼ 2400 MHz) and WLAN2.4GHz (2400 ∼ 2480 MHz) operating bands.
The measured return loss bandwidth of the LP sense was over 10%, while the two CP senses have exhibited CP bandwidths of larger than 8%. Furthermore, the proposed antenna has also exhibited radiation efficiency of more than 66% when working within the three polarization senses. 
